The IkB kinase inhibitor of kB kinase epsilon (IKBKE) is overexpressed in several human cancers. Although IKBKE plays an important role in smoking-induced non-small cell lung cancer carcinogenesis, its role in squamous cell carcinoma of the lung (SCCL) remains unclear.
Background
Lung cancer has the highest-ranking incidence and mortality in the world and leads to more than 100 million deaths worldwide per annum [1, 2] . Lung cancer and smoking status are closely related, with smoking estimated to increase lung cancer risk by a factor of 30 [2] [3] [4] [5] . Specifically, malignant transformation of epithelial cells by tobacco-specific nitrosamines is 1 of the primary mechanisms underlying smoking-induced carcinogenesis in lung cancer [6] . For example, 1 key tobacco-specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), has been shown to lead to malignant transformation of immortalized papillomavirus-infected bronchial epithelial cells [6, 7] . Moreover, signaling pathways associated with abnormal cell proliferation -such as the Akt/mToR, MAPK, and JAK/STAT3 signaling pathways -have been shown to be dysregulated in bronchial epithelial cells of smokers with non-small cell lung cancer (NSCLC) [8] . Moreover, cigarette smoke extract (CSE)-treated macrophages have been shown to potentiate malignant transformation of human bronchial epithelial cells through signaling pathways involving PPAR-g, ERK, and MUC1 [9, 10] . Although all the molecular mechanism(s) are not yet fully elucidated, the investigation of signaling pathway dysregulation in lung cancer remains a hotbed of current research activity.
To that end, inhibitor of kB kinase epsilon (IKBKE, IKKe) is an important member of the IkB kinase (IKK) family of serine/threonine kinases, which includes IKKa, IKKb, IKBKE, TBK1, and connexin IKKg [11, 12] . Inflammatory stimuli induce IKKa, IKKb, and connexin IKKg to form a complex with phosphorylated IkB-Ser32/Ser36 to induce IkB degradation and subsequent nuclear factor-kappaB (NF-kB) pathway activation [12] . Among these IKK proteins, only IKBKE has been shown to be frequently overexpressed in human cancers, including upregulation in breast cancer, ovarian cancer, prostate cancer, and NSCLC [8, 13, 14] . In NSCLC, IKBKE upregulation has been associated with smoking status, while blocking IKBKE activity increases NSCLC cell sensitivity to chemotherapy and induces their apoptosis [8] . Although IKBKE appears to play an important part in smoking-induced NSCLC carcinogenesis, its exact role in squamous cell carcinoma of the lung (SCCL) still remains unclear.
Therefore, in this study, through clinicopathological analysis of SCCL lesions (with adjacent squamous dysplastic and normal tissue) sampled from SCCL patients, we investigated the relationship between IKBKE expression, smoking status, and SCCL development. Moreover, through in vitro analysis of the effects of cigarette smoke condensate (CSC) on an immortalized human bronchial epithelial cell line, we assayed the effects of CSC exposure upon IKBKE expression and malignant transformation in bronchial epithelial cells.
Material and Methods

Ethics Statement
This study was approved by the Ethics Committee (IRB) of the First Affiliated Hospital at Bengbu Medical College (Bengbu, China). Written informed consents were obtained from all patients prior to specimen collection.
Paraffinized specimen collection for immunohistochemistry
From January 2008 to July 2013, a total of 312 paraffinized SCCL specimens were collected from the Department of Pathology of the First Affiliated Hospital at Bengbu Medical College. A total of 17 cases were excluded due to an unknown history of smoking, and 7 additional cases were excluded due to substandard paraffinization. Therefore, 288 SCCL paraffinized specimens (from bronchoscopic biopsy [n=84] and surgical resection [n=204] including 108 matching cases of adjacent squamous cell dysplastic tissue specimens and 112 matching cases of normal epithelial control tissue specimens) were finally included in this study. Of these 288 SCCL cases, 84 patients had lymph node metastasis according to imaging data (e.g., chest computer tomography (CT), positron emission tomography-computer tomography (PET-CT), whole-body bone emission computed tomography (ECT), endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA), and lymph node puncture evaluation. All specimens were collected prior to radiotherapy, chemotherapy, targeted therapy, and/or immunotherapy. All relevant clinical and pathological data, including sex, age, smoking status, smoking index, lymph node metastasis, clinical stage, and histological grade (Table 1) , were collected. According to the 2010 National Health Interview Surveys (NHIS) criteria [15] , smokers were classified as "current smokers" (i.e., those who had smoked at least 100 cigarettes during their lifetime and, at the time of the interview, reported smoking within the past year), "former smokers" (i.e., those who reported smoking at least 100 cigarettes 
Immunohistochemical staining of SCCL specimens
The paraffin-waxed specimens were sliced into 4-μm sections and analyzed by immunohistochemistry (EliVision Plus IHC Kit; Fuzhou Maixin Biotechnology Development Co., China). Briefly, specimens were deparaffinized with xylene and dehydrated with an ethanol series. Antigen retrieval was performed in a citrate buffer (pH 6.0) over 15 min at room temperature. Endogenous peroxidase activity was blocked by incubation in 3% hydrogen peroxide in absolute methanol at room temperature for 10 min. The primary antibody -a murine anti-human IKKi/IKKe polyclonal antibody (50 μl, diluted 1:200, Abcam, USA) -was applied overnight at 4°C. The negative control used 50 μl of PBS in lieu of the 50 μl of primary antibody. Following overnight freezing, specimens were warmed at 37°C for 30 min, washed with PBS 3 times for 5 min each, and then treated with 50 μl polymer enhancer for 20 min in a 37°C incubator. Specimens were washed with PBS 3 times for 5 min each and then treated with 50 μl polymerized horseradish peroxidase-anti-mouse immunoglobulin G (IgG) (DAB Kit; Maixin Biological Co., China) for 30 min in a 37°C incubator. Reaction products were visualized using 3, 3'-diaminobenzidine (DAB Kit; Maixin Biological Co., China). Sections were counterstained with H&E, dehydrated, and observed under light microscopy. The percentage of positive cells was calculated by dividing the number of positive tumor cells by the total number of counted tumor cells and multiplying by 100%.
In vitro cell culture of BEP2D Cells
Immortalized human bronchial epithelial cells (BEP2D) were graciously provided by Professor Harris at the National Cancer Institute (Bethesda, USA). BEP2D cells were exposed to either (i) nothing (control), (ii) 95% ethanol or (iii) CSC (at a dose of 0.001 cigarettes/ml) over the course of 10 passages (P10), 20 passages (P20), 30 passages (P30), 40 passages (P40), or 50 passages (P50). After recovery with LHC-8 serum-free medium (Biofluids, USA), the cell culture was incubated at 37°C and 5% CO 2 under saturated humidity conditions. The culture medium was changed every 2-3 days, and cells were passaged by trypsin digestion (0.25% trypsin and 0.02% EDTA-2Na in PBS) every 5-6 days.
Serum resistance assay
After reaching the exponential growth phase, cultured cells were re-suspended with a gradient of LHC-8 into a single-cell suspension. After a precise cell count, cells were plated onto 60-mm dishes at a density of 300 cells/dish. Each group was plated on 6 parallel dishes, of which 3 dishes contained 10% fetal bovine serum (FBS) and 5.0 ml LHC-8 medium. Static culture was conducted for 6 days at 37°C and 5% CO 2 under 95% humidity. Culture was terminated by anhydrous methanol fixation and Giemsa staining. After washing and drying, the number of colonies in each dish was counted. As previously described [6] , plating efficiency (PE%) was calculated as (number of colonies/number of seeded cells) ×l00%, and serum resistance was assessed by calculating the ratio of PE (with serum) to PE (serum-free). These experiments were performed in triplicate.
Colony formation assay
After reaching the exponential growth phase, cultured cells were re-suspended with a gradient of LHC-8 into a single cell suspension. After a precise cell count, cells were plated onto 60-mm dishes at a density of 300 cells/dish with 5 ml prewarmed medium at 37°C. The dishes were gently agitated to disperse the cells. The plates were incubated for 6 days at 37°C and 5% CO 2 under a saturated humidity environment, and the medium was changed once after 3 days. Culture was terminated by anhydrous methanol fixation and Giemsa staining. After washing and drying, the number of colonies in each dish was counted. A cell count of greater than 12 was considered a colony. The colony-forming efficiency (CFE%) was calculated as previously described [6, 16] : (number of colonies/ number of seeded cells) ×100%. These experiments were performed in triplicate.
RT-PCR
RT-PCR was performed on both the 66 fresh SCCL specimens and the BEP2D cultured cells. Total RNA was extracted using a TRIzol kit (Tiangen Biotech, China), and synthesis of cDNA was conducted according to the reverse transcriptase kit instructions (Promega, USA). Synthetic IKBKE primers (upstream 5'-CAGGGCTTGGCTACAACGAG-3-', downstream 5'-GATGTCCAGGAGGTCAGATGC-3') and b-actin primers (upstream 5'-TGACGTGGACATCCGCAAAG-3', downstream 5'-CTGGAAGGTGGACAGCGAGG-3') were used for PCR amplification as follows: 95°C denaturation for 2 min followed by 35 cycles of 95°C denaturation for 30 s, b-actin annealing (57°C) for 30 s, IKBKE annealing (68.4°C, 63.8°C) for 30 s, and 72°C extension for 25 s. After PCR amplification, extension was performed at 72°C for 10 min. Images were processed using AlphaView software (v3.2.2.0) with the relative expression of the target mRNA calculated as the target protein: b-actin absorbance ratio. These experiments were performed in triplicate.
Western blotting
Western blotting was performed on BEP2D cells. All cells in each experimental group were pooled, and the whole-cell protein was extracted with RIPA lysis buffer. The protein extracts were run on an 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a polyvinylidene difluoride (PVDF) membrane, and then treated with a standardized blocking buffer solution (Pik-day Institute of Biotechnology, Shenzhen, China) for 2 h according to the manufacturer's instructions. The membranes were incubated overnight with murine anti-human IKBKE and anti-human b-actin antibodies (1:800 and 1:400, respectively) at 4°C in a standardized antibody incubation solution (Pik-day Institute of Biotechnology, Shenzhen, China) according to the manufacturer's instructions. A horseradish peroxidase-conjugated goat anti-mouse secondary antibody (diluted 1: 4000) was applied as a secondary antibody (Boster Biological Engineering, Wuhan, China). Protein immunoreactivity was detected using ECL Reagent (Millipore, USA) according to the manufacturer's instructions with b-actin as an internal control. Images were processed using AlphaView software (v3.2.2.0) with the relative expression of the target protein calculated as the target protein: b-actin optical density (OD) ratio. These experiments were performed in triplicate.
Statistical snalysis
Statistical analysis was performed using SPSS v17.0 (IBM, USA). All experimental data were expressed as means ± standard deviations (±s). An independent Student's t-test or analysis of variance (ANOVA) was used to compare continuous variables between groups, while a c 2 test was used for comparison of dichotomous variables with c 2 analysis for linear trend where appropriate. Two-sided p-values of less than 0.05 were deemed statistically significant. (Figure 2 ). IKBKE mRNA expression in current smokers (1.1864±0.2340) was significantly higher than former smokers and non-smokers (F=86.299, p<0.001) with former smokers (0.7420±0.1903) being higher than non-smokers (0.1991±0.1596, p<0.05; Table 3) . By smoking index, IKBKE mRNA expression was 1.3408±0.2182 in patients with greater than or equal to 40 pack-years, 1.0518±0.1547 in patients with 20-39 pack-years, 0.7725±0.221 in patients with 1-19 pack-years, and 0.2127±0.1782 in patients with zero pack-years (p<0.05; Table 3 ). IKBKE mRNA expression increased with the smoking index (F=67.966, p<0.001; Table 3 ).
In vitro serum resistance in cultured BEP2D cells
Under exponential growth conditions, the cell growth of ethanol-treated cells was inhibited relative to control cells (Table 4) . In contrast, the CSC-exposed cells at P30, P40, and P50 displayed significant resistance to serum-induced growth inhibition with P40 cells displaying the most significant serum resistance (p<0.05; Table 4 ).
In vitro cell cloning efficiency in cultured BEP2D Cells
For all generations, the CFE%'s for CSC-exposed cells were significantly higher than both the ethanol-treated and control cells (p<0.05, Table 5 ). The CFE%'s for CSC-exposed cells showed an increasing trend with an increasing number of generation with the highest CFE% being at P50 (20.16±3.71; Table 5 ).
In vitro IKBKE mRNA & protein expression in cultured BEP2D Cells
IKBKE mRNA expression between the 2 non-CSC-exposed groups (control, ethanol-treated) and the CSC-exposed groups (P10, P20, P30, P40, and P50) were significantly different (F=117.052, p<0.05; Figure 3 ). However, there was no significant difference in IKBKE mRNA expression between the control group and the ethanol-treated group, both of which displayed lower IKBKE protein expression relative to all CSCexposed groups (p>0.05; Figure 3 ). Although the P10 cells expressed significantly higher mRNA expression than P20 cells (p<0.05), IKBKE mRNA expression gradually increased from This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License P20 through P50 with no significant differences in mRNA expression above P30 (p>0.05; Figure 3 ). The pattern of protein expression findings derived from Western blotting precisely matched the pattern of mRNA expression findings (F=141.70, p<0.05; F=61.17, p<0.05; Figure 4 ).
Discussion
In this study, we showed that IKBKE protein expression was significantly upregulated in SCCL and squamous dysplasia relative to normal bronchial epithelial tissue and was positively correlated with tumor grade and clinical stage. Moreover, IKBKE mRNA expression was significantly increased in SCCL relative to normal bronchial epithelial tissue. Similar to our findings, Boehm et al. showed that IKBKE protein is significantly upregulated in breast cancer tumors relative to normal breast parenchyma [17] . In addition, Guo et al. work in ovarian cancer patients demonstrated that IKBKE protein expression is more frequently upregulated in ovarian primary tumors with alterations in IKBKE protein expression being associated with later-stage and higher-grade ovarian tumors and lower overall survival [18] . Moreover, Hildebrandt et al.'s work in clear cell renal cell carcinoma (ccRCC) patients showed that IKBKE is significantly upregulated in ccRCC tumors compared with adjacent normal tissues, and IKBKE upregulation is associated with a significantly increased risk of death and significantly reduced overall survival duration in these ccRCC patients [19] . Additionally, Guan et al. demonstrated that IKBKE mRNA and protein expression are significantly upregulated in human glioma tumors but showed no significant differences in IKBKE expression across different glioma grades [20] . Clearly, IKBKE upregulation can be positively linked to several human tumor types.
With respect to lung cancer, previous research has revealed that IKBKE expression may be positively linked to smoking-induced lung carcinogenesis [8] . Specifically, Guo et al. demonstrated that IKBKE is upregulated in NSCLC cells by 2 components of cigarette smoke (i.e., nicotine and nicotine-derived nitrosamine ketone) through the signal transducer and activator of transcription 3 (STAT3) pathway [8] . Although Guo et al. work focused on nicotine's effects upon IKBKE expression in NSCLC cells, here we sought to better define the relationship between smoking, IKBKE expression, and SCCL (as opposed to NSCLC). We found that IKBKE mRNA and protein expression was more prominently expressed in current smokers over former smokers and non-smokers with higher smoking indices (i.e., a greater number of pack-years) associated with increased IKBKE mRNA and protein expression. Similarly, the expression of several other genes that have been previously linked to carcinogenesis -such as p53, p73, and MafB -have also shown significant correlations with smoking indices [21] [22] [23] . These combined findings suggest that IKBKE upregulation may play a role in the development of smoking-induced SCCL.
On a cellular level, previous studies in various cancer cell lines have shown positive associations between IKBKE upregulation and malignant transformation [12, 17, 24] as well as cell survival, cell growth, and chemoresistance [8, 18, 24, 25] . Here, we [18] . Also, Guan et al. demonstrated that IKBKE mRNA and protein expression were significantly upregulated in glioma cell lines in vitro. Moreover, they showed that ectopic IKBKE overexpression inhibited cellular apoptosis (likely through inducing Bcl-2 expression and NF-kB activation), while IKBKE silencing increased the sensitivity of glioma cells to apoptotic triggers [20] . Clearly, IKBKE upregulation can be positively linked to malignant transformation in several human cancer cell lines.
Mechanistically, IKBKE is well-established to function as an oncogene in several human cancers [17, 26] . However, its precise mechanism(s) of action remains under investigation. Guo et al.'s work in breast cancer cells previously demonstrated that IKBKE can functionally replace the AKT oncogene in the process of malignant transformation by directly phosphorylating Akt-Thr308 and Ser473, with IKBKE expression largely correlating with Akt activation [12] . Moreover, Guo et al. later showed that IKBKE's activation of Akt inhibits the function of the cell growth inhibitor FOXO3a in breast cancer and NSCLC cells through SerS644 phosphorylation [24] . In addition, Kim et al. showed that IKBKE functions as a downstream effector of the Ras oncogene in NSCLC cells and mediates Ras-based activation of NF-kB and Ras-based tumorigenic activity [27] . As we did not investigate the mechanism(s) underlying IKBKE upregulation in human bronchial epithelial cells here, further molecular studies on the precise signal transduction mechanisms associated with CSC-induced malignant transformation of bronchial epithelial cells are needed.
This study has several limitations. First, although this study provides novel evidence supporting IKBKE's positive relationship with smoking-related SCCL, this study does not explain IKBKE's role in the carcinogenesis of smoking-induced SCCL. Second, our serum resistance and cloning efficiency assays only demonstrate malignant transformation of bronchial epithelial cells in vitro; therefore, this study lacks in vivo data regarding the relationships between CSC exposure, IKBKE expression, and the degree of malignant tumorigenesis. In future experiments, we plan to employ a nude mouse model to investigate these questions. Third, we did not investigate IKBKE's effect upon the chemoresistance of cultured bronchial epithelial cells. Future studies should assess the role of IKBKE overexpression and silencing in chemoresistance to cisplatin, carboplatin, gemcitabine, and other chemotherapeutic regimens in cultured bronchial epithelial cells [28] . Fourth, this study did not investigate the mechanism(s) underlying IKBKE upregulation in human bronchial epithelial cells in vitro nor did we assess the downstream effect(s) of such upregulation. Therefore, further investigation on plausible upstream and downstream signal transduction mechanisms associated with IKBKE and CSC-induced malignant transformation of bronchial epithelial cells (such as Akt activation or NFkB activity [12, 27] ) is needed to address this question.
Conclusions
IKBKE mRNA and protein expression are positively associated with SCCL and smoking indices, suggesting that IKBKE upregulation may be involved in smoking-induced SCCL carcinogenesis. Moreover, IKBKE mRNA and protein expression were positively associated with CSC-induced malignant transformation of human bronchial epithelial cells, suggesting that IKBKE upregulation may be involved in smoking-induced malignant transformation of bronchial epithelial cells.
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